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ABSTRACT

Here we describe the unusual genesis of steptoes in Las Bombas volcano- Llancanelo Volcanic Field (LVF)
(Pliocene — Quaternary), Mendoza, Argentina. Typically, a steptoe forms when a lava flow envelops a hill,
creating a well-defined stratigraphic relationship between the older hill and the younger lava flow.

In the Llancanelo Volcanic Field, we find steptoes formed with an apparent normal stratigraphic
relationship but an inverse age-relationship. Eroded remnants of scoria cones occur in “circular de-
pressions” in the lava field. To express the inverse age-relationship between flow fields and depression-
filled cones here we define this landforms as inverse steptoes.

Magnetometric analysis supports this inverse age relationship, indicating reverse dipolar magnetic
anomalies in the lava field and normal dipolar magnetization in the scoria cones (e.g. La Bombas).
Negative Bouguer anomalies calculated for Las Bombas further support the interpretation that the scoria
cones formed by secondary fracturing on already solidified basaltic lava flows.

Advanced erosion and mass movements in the inner edge of the depressions created a perfectly
excavated circular depression enhancing the “crater-like” architecture of the preserved landforms.

Given the unusual genesis of the steptoes in LVF, we prefer the term inverse steptoe for these land-
forms. The term steptoe is a geomorphological name that has genetic implications, indicating an older

hill and a younger lava flow. Here the relationship is reversed.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Volcanism in the Andean region is attributed to the subduction
of the oceanic Nazca plate below the South American plate (Isacks
et al., 1982) (Fig. 1A).

The Nazca plate subducts to the east under the Southern Vol-
canic Zone with an angle of c. 30° and with seismicity at average
depths of 90—100 km under the volcanic arc (Yanez et al., 2002).
The volcanic arc along the Andes comprises closely-spaced vol-
canoes that are still active (e.g: Calbuco volcano 2015; Cordén
Caulle volcano 2011—2012; Chaitén volcano 2008, etc.).

Behind the active Andean volcanic arc the volcanic development
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of the 60,000 km? Payenia back-arc province has been suggested to
be linked to the differential movements of the subducting Nazca
plate and the overriding South American plate (e.g. Munoz et al,,
1989; Kay et al.,, 2006; Mazzarini et al.,, 2008; Folguera et al.,
2009; Ramos and Folguera, 2011; Gudnason et al., 2012).

The name Payenia volcanic province, given to the area by
Polanski (1954), has been used in more recent papers (e.g. Germa
et al, 2010; Ramos and Kay, 2006. Gudnason et al, 2012;
Quidelleur et al., 2009; etc.) and it can be divided from south to
north in Rio Colorado Volcanic Field, Payin Matrd Volcanic Field,
Nevado Volcanic Field, Llancanelo Volcanic Field and Northern
segment (Gudnason et al., 2012; Folguera et al., 2009) or Diamante
Volcanic Field (Morales Volosin, 2015).

The activity in the area is represented by large composite vol-
canoes such as Paydn Matrd, Paydn Liso and Cerro Nevado that
have produced evolved volcanic material including the large
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Fig. 1. A: Location map of South America and Argentina, highlighting the Southern Volcanic Zone (SVZ) and the subduction of the Nazca plate beneath the South American plate. B:
Map of Llancanelo Volcanic Field (LVF) and Payn Matru Volcanic Field (PMVF) with location of Las Bombas Volcano.

caldera forming eruptions of Paydn Matra (Llambias, 1966;
Bermudez, 1988; Ramos and Kay, 2006; Folguera et al., 2009;
Germa et al.,, 2010). Surrounding the larger volcanoes there are
two volcanic fields represented by monogenetic scoria cones of
almost exclusively basaltic composition often aligned and
concentrated in small clusters: the Llancanelo and Payin Matrd
Volcanic Fields (Fig. 1A and B).

Volcanism in Payenia encompasses activity from the Pliocene
(Kay et al., 2006; Lambias et al., 2010; Gudnason et al., 2012) to the
youngest activity within the Pay(n Matrda caldera (Escorial del
Matra), dated at 7 + 1 ka (Germa et al., 2010).

The Llancanelo Volcanic Field (LVF), (Figs. 1B, 2A and 5E) covers
an area of 10,700 km? in the south-eastern region of the province of
Mendoza, Argentina, between latitudes 35° 39’ and 35° 50’ S and
longitudes 69° and 69°30’ W, approximately 200 km east of the
trench in the Southern Volcanic Zone (Fig. 1A).

In addition, south of the LVF, the Pay(in Matrd Volcanic Field
(PMVF) surrounds the Payan Matra shield volcano (Fig. 1B). The
Pay(in Matra shield is a complex volcano with an 8 x 6.5 km wide
summit caldera, with trachybasalts (hawaiites) to trachytes lava
flows, domes, coulees and extensive pyroclastic flow deposits
(Hernando et al., 2014; Hernando et al., 2012; Llambias, 1966;
Gonzalez Diaz, 1972; Ramos and Key, 2006). “°Ar/*°Ar radiometric
dating shows that the Paytin Matr( volcano has been active since at
least 700.6 + 10.6 ka (Hernando et al, 2014) and should be

considered an active but dormant volcano. The youngest activity
within the caldera has been dated at 7 + 1 ka (Germa et al., 2010).

Volcanic activity in the LVF (Fig. 1B) was primarily of Hawaiian
and Strombolian type, resulting in at least 150 scoria and/or lava
spatter cones with edifice heights ranging from 50 to 150 m, crater
diameters ranging between 150 and 200 m, and slope angles
varying between 16 and 27°¢ (Inbar and Risso, 2001). Preserved
pyroclastic deposits of the scoria and spatter cones are typically
coarse ash and lapilli that consist of red, scoriaceous pyroclasts with
common meter-sized ballistic bombs and blocks of vesicular and
degassed spindle-shaped pyroclasts. Both, large vesicular, spindle-
shaped lava bombs and blocks as well as bread crusted bombs and
blocks with a diameter up to 3.5 m, are common.

In well-drained areas with large volumes of near-surface and/or
ground water, tuff rings and/or maar volcanoes form (Martin and
Németh, 2004). The presence of subordinate phreatomagmatic
volcanoes in a volcanic field could indicate variations in hydroge-
ology of the volcanic field, or variations of the water saturation
state of the sub-surface sediments or rock units over time (Aranda-
Gomez and Luhr, 1996; Gutman, 2002). Such variations are also
noted to take place during the total life span of a volcanic field
resulting age-clustered volcanoes dominated by eruption styles
related more to dry versus wet external eruptive environments
(Kereszturi et al., 2011; Kereszturi and Németh, 2012).

The Las Bombas (LB) volcano is located in the low-lying regions
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Fig. 2. A: Geological map of Las Bombas volcano and surroundings in the LVF. B: W—E profile of Malargue basin stratigraphic section (out of scale).

of the LVF near the saline and endorheic Llancanelo Lake (Figs. 1B
and 2B). Besides the scoria cones in the LVF (more than 879 vents
in LVF and PMVF, Mazzarini et al., 2008), at least 30 identified
volcanoes show evidence of explosive eruptions involving varying
degrees of magma—water interaction (Llambias et al., 2010). These
are unusual in the context of the present and inferred syn-eruptive
semi-arid climate of the eastern Andean ranges. The climatic and
the physiographical conditions of the volcanic field are inferred to
be similar to the present day ones, i.e., semi-arid conditions with
strong westerly winds (Delpino, 1993). The region has today a
temperate-arid North-Patagonian climate with an average annual
temperature of 11.7 °C, an average minimum temperature of 4.4 °C
and an average maximum temperature of 19.8 °C. Precipitation
regime does not exceed 200 mmy/year in the plains (Violante et al.,
2010).

According to Delpino (1993) paleoclimatic-paleoenvironmental
conditions were inferred based on analysis of fossils in the lacus-
trine sediments. Results indicate that the syneruptive conditions

were shallow lacustrine surrounded by moderately vegetated
scrublands. However, the proto-Llancanello lake is estimated to be
larger and deeper than the modern lake, covering an area of
5000 km? with a depth 50 m larger than the present one.

Most of the volcanic structures in the proximity of the present
day Llancanelo lake shoreline resulted from explosive phreato-
magmatic eruptions, and they consist of tuff rings and tuff cones
(Risso et al., 2008). Olivine basalt magma was involved in the water
interaction. It is inferred that fluctuating water levels of Llancanelo
Lake could have influenced the hydrogeology of the lake basin and
hence the eruptive style of volcanism (Risso et al., 2008) or, on the
other hand, that a structural control could favour the rise of water
through fractures. Large water masses can influence the laterally
interconnected ground water aquifers, especially those sandwiched
between thick lava flows, as demonstrated in the case of the
phreatomagmatism along the Western Snake River Plain in Idaho
(Godchaux et al., 1992).

Here we focus on the northern Llancanelo Volcanic Field,
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particularly in LB volcano (Figs. 1B, 4B and 5A and E). LB volcano is
an eroded but still recognizable scoria cone located in a circular
depression, suggesting that it was there when the lava flow field
formed, and, therefore the lava flow engulfed it completely, like an
island in a sea of lava. While this explanation seems reasonable, the
common presence of similar landforms in this part of the field
justified the need to establish correctly the stratigraphic relation-
ship between lava flow fields and these circular features on it.

Lava often flows around hills or mountains, forming a volcanic
morphology known as steptoe, or in the Hawaiian language kipuka.
As defined, a steptoe is “An isolated hill or mountain of older rock
surrounded by a lava flow. Syn: dagala” (Bates and Jackson, 1980). A
clear example of steptoe is seen in Fig. 4A and C, with an older
pyroclastic cone surrounded by a younger lava flow. These “islands”
have been called steptoes, dagalas or kipukas. This landform is
named after Steptoe Butte, a quartzite protrusion over 400 million
years old, jutting out of the 15—7 million year old Columbia River
Basalts near Colfax, Washington, U.S.A. (Easterbrook, 2003). The
steptoe hill or mountain is assumed to be older than the sur-
rounding lava flow.

In this paper, we explore these morphologies identified in
southwest Mendoza province closely resembling steptoes with the
difference that they have their central cones suspected to be
younger than the surrounding lava flow fields and thus could be
defined as inverse steptoes, (Fig. 4B), i.e. where the surrounding lava
flow is older than the pyroclastic cone. With the aim of testing the
timing of cone formation and lava flow field emplacement, as well
as to understand the 3D architecture of these volcanoes-within-
circular-features, geological mapping and geophysical studies
were completed including detailed topographic, magnetic and
gravimetric land surveys.

Perhaps detailed and well located radiometric analysis may
answer this uncertainty, but here we try to use geological and
geophysical data to explain this situation.

2. Geologic setting

High-density scoria cone fields are those containing large
number of closely spaced scoria cones erupted over a relatively
short period of time (e.g. large number of volcanoes per area). Such
volcanic fields are common in intra-continental regions such as the
San Francisco Volcanic Field, Arizona (Conway et al., 1997), Pali
Aike, Argentina (Mazzarini and D'Orazio, 2003), or Al Haruj in Libya
(Martin and Németh, 2006).

The eruption of extensive Pliocene to Recent back-arc lava fields
in southeastern Mendoza province (LVF and PMVF, Fig. 1B) are
interpreted to be linked to the melting of hydrated mantle after a
transient episode of Neogene shallow subduction (Ramos and Kay,
2006). In Pliocene to Quaternary times, a return to steeper sub-
duction, with more pronounced steepening to the north, ended the
arc-like magmatism in the foreland far east of the trench (Ramos
and Kay, 2006). This was followed by widespread Pliocene to
Quaternary mafic volcanism with a progressively more intraplate-
like chemical signature that is best explained by the steepening
of the subducted slab (Kay, 2002; Ramos and Kay, 2006).

Vent density distribution is strongly conditioned by pre-existing
crustal anisotropies (Hernando et al., 2014; Bermudez et al., 1993).
The overall E-W vent density distribution in PMVF is controlled by
pre-existing crustal structures (Mazzarini et al., 2008; Llambias
et al,, 2010; Hernando et al,, 2014). In the central zone of Payenia
the volcanic eruptions formed NW—SE vent alignments, reaching
up to 60 km in longitude (Bermudez et al., 1993), and were related
to reactivation of Paleozoic faults of the volcanic basement
(Llambias et al., 2010). Eruptions in the LVF have NW—SE trending
alignments, as shown in the alignment of vents both east and west

of Llancanelo lake (Delpino, 1987; Ninci, 1993) (Figs. 1B and 5E).

The rocks of LVF are alkaline olivine basalts, with a silica content
ranging between 46 and 52% and Nay0 + KO ranging between 3.5
and 6% (Bermudez et al., 1993). The homogeneous alkali-basalt
composition of the back-arc lavas indicates a low degree of differ-
entiation and relatively short travel time from deep mantle sources
(Bermidez and Delpino, 1989; Bermidez et al., 1993). Volcanic
activity started in the early Pliocene and probably continued until
the last thousands of years, including the Chapta, Puente and
Tromen Formations (Nullo et al., 2005). The eruptive products of
the youngest (Holocene) volcanism (Tromen Formation) is not
represented in the LVF.

The back-arc basalts of the LVF are the uppermost basin-filling
formations of a tectonic depression defined by the Tertiary Malar-
glie Basin (Fig. 2B). The basin is characterized by differentially
elevated basement blocks of Permotriassic mesosillicic and acid
volcanics. The basement, structure, and different sedimentary units
filling the Tertiary Malargiie and the Mesozoic Neuquén Basins are
shown in Fig. 2B. The eastern and western limits of the Malargiie
Basin are defined by NW-SE-trending fault lines (see * in Fig. 2B).
The western fault is more or less parallel to the +153° trending
volcano alignment formed by the Jarilloso, Pencoso, Las Bombas,
and Colorado volcanoes (Fig. 2A). The eastern fault is parallel to the
eastern margin of the present-day shoreline of Llancanelo Lake
(Figs. 1B and 2B). The uppermost basin filling formations, uncon-
formable with the underlying units, are the back-arc basalts
grouped into the older Chaptia Formation and the younger Puente
Formation (Nullo et al., 2005).

Basalts of Chaptda Formation (Nullo et al., 2005), are of a glossy
black colour, with texture that goes from vesicular at the top to
dense, non-vesicular at its base. Extensive, fresh-looking lava flows
are predominantly pahoehoe type, with tumuli, ropy lava and oc-
casional lava tubes and skylights (Bermudez y Delpino, 1989;
Németh et al., 2008), and subordinate aa type. The source of these
extensive lava flows is unknown due to the lack of a mappable
relationship between lava flows and volcanic edifices as a result of
advanced erosion. Chapta Formation has been generated by suc-
cessive overlapping (37—40 m thick) lava flow units and forms the
depositional and palaeo surface upon which most of the new and
younger volcanoes (such as Las Bombas, Pencoso, Colorado, etc. in
Figs. 2A and 5 A—E) formed.

Overlying the previous rock units is the Puente Formation (Nullo
et al., 2005), which also consists of extensive lava flows related to
volcanic cones that are still recognizable. The Puente Formation
basalts are well-exposed in Malacara's lava flow (Fig. 2A, M-LF) and
in Piedras Blancas' final lava flow (Fig. 2A, PB-LF).

Las Bombas volcano is formed on a basaltic plateau of the oldest
Chapta Formation. Its pyroclastic products belong to the younger
Puente Formation. Chapta and Puente olivine basalts are similar,
differing only in size of phenocrysts and groundmass. Basalts of
Chaptia Formation have 30% phenocrysts (Bermudez et al., 1993;
Risso et al., 2008), and olivine phenocrysts reach 6 mm (Figs. 3A
and 6D). The rock textures of Puente Formation basalts are quasi
aphiric, with 1-5% phenocrysts (Figs. 3B and 7A, C and D)
(Bermudez et al., 1993; Risso et al.,, 2008), with considerable
amounts of coarse euhedral olivine crystals (1-3 mm) in a
pilotaxic-subophitic, sometimes intersertal, groundmass of
plagioclase and titanoaugite, epidote and pale-brown sideromelane
glass.

New radiometric and cosmogenic ages can partially help to
understand the sequence of volcanic events west of Llancanelo
lake.

The sample dated by Gudnason et al. (2012) from Cerro Jarilloso,
is 0.16 + 0.07 Ma (*°Ar- 3°Ar) and would be representative in age for
much of the latest volcanic activity in the area. This is confirmed by
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Fig. 3. A: Photocmicrograph in plane polarized light showing greater pilotaxic texture with larger olivine (Ol) and plagioclase (Pg) phenochrysts of Chapia rocks. B: Photo-
cmicrograph in transmitted light showing pilotaxic texture cuasi aphiric with vesicles (V) partially filled with zeolites and olivine (Ol) microphenochrysts in basalt rocks of Puente

Formation.

the “°Ar- 3°Ar ages of Espanon (2010) of 0.12 + 0.13 Ma and
0.40 + 0.07 Ma for the dated Llancanelo lavas sampled west of the
Llancanelo lake. However, location of sampled sites is not
completely accurate.

Cosmogenic surface exposure ages were obtained from sample
LL3 (tumulus in pahoehoe lava, 1.5 km southwest of LBV,
73,7 + 1.1 ka >He and 49.7 + 2.2 ka 2'Ne) (Espanon et al., 2014).

Taking into account that ages determined by different methods
(cosmogenic and radiometric) cannot be directly compared, we
decided to consider the more traditionally used Ar/Ar data.

Risso et al. (2008) related Cerro Jarilloso and Las Bombas vol-
cano to a single volcanic event occurred along the same lineament
(Fig 2). Thus, we assign an approximate age of 0.16 Ma to the

volcanic activity of Las Bombas. The surrounding lavas could have
an age comparable to the 0.40 Ma age reported by Espanon (2010)
and assigned by Gudnason et al. (2012) to the Llancanelo lavas
sampled west of the Lake Llancanelo. If these correlations are
adequate, they support our model of a younger volcano surrounded
by older lavas.

3. Scoria cones of the LVF
Scoria cones are the most common manifestation of subaerial
small-volume, short-lived volcanism on Earth and are generally

considered to be a result of mild explosive eruption of mafic
magmas in a short period (weeks to months), (Vespermann and

Li§ Bombas volcano

Google earth

447.m 1o 521 km O

Fig. 4. A: Steptoe or Kipuka in the PMVF. Older cinder cones (white arrow) surrounded by “aa” younger lava flow. B: Las Bombas volcano surrounded by pahoehoe lava flows in LVF.
In this case the volcano is younger than the environs lava flows C: Image from Google Earth shows a scoria cone 17 km NE of Paricutin volcano in the Trans-Mexican Volcanic Belt.
Older scoria cone covered by pine forests surrounded by younger lava flows with scarce vegetation. See the depression around the cone similar as in Las Bombas volcano, but
different in age. In these case the depression is due to degradation of the cone (Hasenaka and Carmichael, 1985).
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Fig. 5. A: Las Bombas Volcano. B: Pencoso Volcano. C: Colorado Volcano D: Jarilloso Volcano. E: General view of Las Bombas, Pencoso, Colorado and Jarilloso volcanoes with “circular
pattern” (dotted white line) in the LVF. LVF comprise the entiere image, excluding the southwest side with outcrops of white Cretaceous limestones and darker Miocene andesites.

Images from Google Earth.

Schmincke, 2000). Scoria cones are commonly formed from rela-
tively simple eruptions, but there is evidence of exceptionally long-
lived cinder cone activity such as the Paricutin volcano in Mexico
(Foshag and Gonzalez, 1956). In spite of the long eruption duration,
scoria cones are generally defined as monogenetic volcanoes
(Kereszturi and Németh, 2012). Monogenetic traditionally refers to
volcanoes that erupt only once during their eruptive history
(Walker, 1993; Valentine and Gregg, 2008; Németh, 2010).

The volcanic cones of the LVF are predominatly scoria cones and
subordinate tuff rings and tuff cones. The scoria cones studied are

located in a volcano alignment formed by the Jarilloso, Pencoso, Las
Bombas, and Colorado volcanoes (Fig. 2A); Las Bombas (LB) is the
most representative of this group.

The measured morphometric parameters of scoria cones are
given in Table 1.

Jarilloso, Pencoso, Las Bombas, and Colorado volcano are small-
volume (<0.027 km?) scoria cones, following the equation of a
truncated cone used in Doniz-Paez et al. (2008). Their height-width
ratio is about 1:5 to 1:16 and is compatible with scoria cones
documented by Heiken (1971) and Doniz-Paez et al. (2012).
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Las Bombas Vo. S
Colorado Vo.

Fig. 6. A: Las Bombas volcano in the center, surrounded by a slight depression and the “older lavas” at the far end (red arrows). Red arrows mark the edge of the Chaptia Fm. around
the cone. Dotted red line shows part of the “older lavas” front at bottom in Fig. 6A and on foreground in Fig. 6B. B: Shrubs and sands cover the “circular depression” around Las
Bombas cone. C: Front view of the “oldest lava” flows and shrubs-sands of the circular depression around the cone. D: detail of the black vesiculated pahoehoe lavas surrounding the
volcano. Cactus as scale. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The scoria cones are approximately circular in map view, and
few are breached (e.g. a not entire well-defined crater rim) toward
N and NE. They have small central bowl-shaped craters, excluding
the Colorado volcano which is more eroded than the others and
without an identifiable crater (Fig. 5C). The cones in the LVF are
moderately preserved with well-developed rills and sands covering
the gentle slopes. Slope angle values are less than 20° (Table 1) (as
measured by a combination of topographic cross sections, oriented
field photography and spot elevation measurements applying
trigonometric consideration). The cones are composed of coarse-
grained red scoriaceous lapilli, blocks and bombs.

The textural characteristics of the pyroclasts of scoria cones,
such as their high vesicularity, fluidal shape, and their dark, often
red colour, indicate a magmatic degassing and fragmentation his-
tory due to explosive eruptions (Vergniolle et al., 1996; Vergniolle
and Brandeis, 1996; Vergniolle and Manga, 2000; Jaupart and
Vergniolle, 1988), commonly referred to as Strombolian-style
explosive eruptions.

The usual intercalation of scoria beds in the studied scoria cones
of the LVF, with welded fall deposits and/or clastogenic lava flows,
indicates a sudden and common change in eruption style from
Strombolian to Hawaiian and vice versa (Valentine and Gregg,
2008; Sumner, 1998) reflecting variable volcanic conduit

dynamics in the course of the eruption. Lava spatter near the vent,
typically along the crater rim of the studied cones form strongly
welded, agglutinated, red, slightly bedded sequences with large
spindle or highly vesicular fluidal shaped bombs.

4. Phreatomagmatic volcanoes of the LVF

While the volcanic cones of the LVF are predominantly scoria
cones, some have been identified as products of phreatomagmatic
eruptive phases as inferred by their pyroclastic products (Risso
et al,, 2008). Volcanoes with some thin basal or inter-bedded py-
roclastic units that indicate explosive phreatomagmatic phases or a
complete pyroclastic succession typical for tuff rings and tuff cones
primarily formed are located in the northwest and northeast low-
lying regions of the LVF nearby the present day Llancanelo Lake
such as Malacara, Piedras Blancas and Carapacho volcanoes
(Figs. 1B and 2A). To date, no phreatomagmatic volcanoes have
been identified in the PMVFE.

To distinguish the pyroclastic units formed due to phreato-
magmatic explosive eruptions from pure magmatic fragmentation-
driven explosive eruptions in the LVF, a characteristic colour dif-
ference, grain size distribution difference, and bedforms typical for
pyroclastic density current transportation and deposition were
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Fig. 7. Reddish basalts of Puente Formation. A: basalt blocks and red spindle bombs. B: Photo taken from the top of Las Bombas volcano to the South. In foreground there are red
blocks and bombs (yellow arrow). It in half, the volcano is located in a slight circular depression (orange dot) filled with sand and grass. In the background (red arrow) the 3 m
shoulder of “older lavas”. C: Blocks and bombs with lower crystallinity and large and elongated vesiculation. D: skin of congealed lava formed on the exterior of the bombs during
the molten state. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Cone parameters. Cone height: Hc,, basal width of cone: W¢,, crater diameter: W,
slope angle: «, cone volume: V.

Volcano Heo Weo(m) Wei(m) o (°) Vco(kma) Heo/Weo
Colorado 33 520 - 16 - 0.06 = 1:16
Las Bombas 50 330 129 23 0,0085 0.15=1:6
Pencoso 53 552 235 19 0,0274 0.09 = 1:11
Jarilloso 97 1059 240 20 0,0284 0.09 = 1:11

used. In addition, the morphometry of the volcanoes were also used
to distinguish volcanoes formed due to magmatic versus phreato-
magmatic explosive eruptions. Volcanoes with wide craters and
low slope angles (normally less than 15°) with matrix-rich tuff and
lapilli tuff sequences were inferred to be tuff rings such as the
Piedras Blancas volcano (Figs. 2A and 5E).

The Piedras Blancas volcano (Figs. 1B and 2A) is a 140 m-high
tuff ring measured from its base to its crater rim crest. The tuff ring
crater is 1150 m in diameter, with a circular shape breached to the
W-NW (Fig. 2A) and a small breached nested scoria cone inside it.
Its latest volcanic activity produced massive bluish aa lava flows
(Fig. 2A see PB-LF) with rubbly levee-margins in the SW side of the
vent. These lava flows reached a distance of up to 2 km NW from
their source. The main pyroclastic cone consists of a 90 m-thick,
monotonous, yellowish-grey scoriaceous pyroclastic fall and surge
deposit. Beds dip outward radially away from the vent at 24—28°
(Risso et al., 2008).

5. Las Bombas volcano

Scoria cones, like Las Bombas, (LB) volcano (Figs. 1B, 2A and 5A),
are by far the most common type of volcanoes in the LVF. LB is a
small pyroclastic cone that is no more than 50 m in height (Fig. 6A)
and covered by sand, grass and small bushes. It has a breached
crater towards the east. Rills and gullies are not well-developed and

white aeolian siliciclastic sand and acidic volcanic ash from the
1932 A.D. Quizapu eruption cover its gentle slopes. The cone base to
crater diameter ratio (Heo/Weo) is 0.15 (Table 1), consistent with a
ratio expected for scoria cones (Doniz-Pdez et al., 2012; Fornaciai
et al.,, 2012; Gilichinsky et al., 2010; Inbar et al., 2011; Kereszturi
et al., 2013; Kereszturi et al., 2012; Kervyn et al., 2012).

Although the volcano is covered by sand and shrubs, scattered
banded basalt blocks (13—40 c¢cm diameter) and reddish bombs
have been observed from the middle slope to the top of the cone
(Fig. 7B, yellow arrow). Blocks and bombs have lower crystallinity
and large (eg: 3 x 0.8 cm) and oriented vesicles (Fig. 7C).

At the eastern flank, and typically along the crater rim of the
cone, there are many agglutinated bombs and spindle-shaped
fluidal bombs (Fig. 7A). Some of these reddish bombs have a thin
skin of quenched lava indicating they were molten state upon
landing on the depositional surface (Fig. 7D). Bombs and blocks
from the top of LB volcano are solidified lava spatters that landed on
the surface in a molten state allowing agglutination of the spatter,
suggesting periods of high eruption rates. These observations are
consistent with a Hawaiian-style eruption.

LB is located in a slight circular depression filled with sand and
grass (Fig. 7B, orange dot), as are the Pencoso, the Colorado and the
Jarilloso volcanoes (Fig. 5A—E). The depression averages 1.13 km in
diameter at the LB volcano (Figs. 5A and 8A and B). A detailed map
of the LB volcano and its surroundings remarking the distribution
of older lavas and the pattern of the circular depression and ledge
around the cone is shown on Fig. 8A. Fig. 8B is a sideway view of the
depression, showing in the foreground the slope of LB volcano, the
depression around the volcano (Fig. 5A), and in the background the
3 m shoulder of older lavas (Fig. 7B, red arrow). All contacts are
covered by vegetation or buried by sand (Fig. 6B and C). A ledge is
especially well-preserved in the southern sector of the LB volcano,
in Pencoso and Jarilloso volcanoes and to the SE in the Colorado
volcano (Fig. 5, B—E). Such circular depression has also been found
in other volcanoes of LVF such as around the Pencoso cone (1.19 km
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Las Bombas volcano
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1Googleeart

Fig. 8. A: Detailed map of Las Bombas volcano and its surroundings remarking the distribution of “older” lavas and the pattern of the circular depression and ledge around the cone.
B: is an sideway view of the depression, showing in the foreground the slope of Las Bombas volcano, secondly the depression around the cone and the shoulder of black Chapia

basalts. Image of Google Earth.

in diameter, Fig. 5B), Colorado volcano (1.37 km in diameter, Fig. 5C)
and Jarilloso cone (2.31 km in diameter, Fig. 5D).

As described previously, the Chapia basalts, the “older basalts”,
are black (Fig. 6C and D), extensive (Fig. 2A) and are predominantly
of pahoehoe type in the LVF, with tumuli, ropy lava and occasional
lava tubes and skylights. Chapta's basalts have 30% large olivine
phenocrysts (6 mm) (Fig. 3A). In contrast, the Puente basalts (“the
younger”) are quasi aphiric, with 1-5% phenocrysts of euhedral
olivine crystals (1—3 mm) and forms predominantly aa lava flows
(Fig.s. 7A—D and 3B). The above outlined petrographic difference
between the older Chapta and younger Puente basalts allow us to
easily distinguish one type of basalts from the other and use this
textural information as a field tool to establish stratigraphic re-
lationships between lava fields hosting the circular depressions and
coherent lava bodies associated with cones filling the same de-
pressions Fig. 6D (Chapda) from Fig. 7 A, B and C (Puente).

These “circular landforms” around the scoria cones caught our
attention because they seemed to be very common lava fields
features in other localities such as those reported from the Qua-
ternary Trans-Mexican Volcanic Belt, (see Fig. 4C) where younger
lava flows surround older cinder cones. The problem is that the
locations reported here differ from those described elsewhere by
having a reverse stratigraphic relationship between the cones and
the lava fields hosting the “circular depression”. Based on the rock
textural data, the depressions documented here are hosting a
younger cone and best described as an inverse steptoe.

6. Geophysical studies

In order to geophysically characterize the study area and test the
genetic relationship and stratigraphic order between extensive lava
fields surrounding the volcanoes, geophysical methods were
employed to describe the detailed topographic architecture (Fig. 9),
the magnetic and gravimetric signatures of the LB volcano and its
relationship with the flow field-building lavas. Also paleomagnetic
studies (Fig. 10) were carried out in order to infer the chronologic
order of the genetic processes. If the central cones were younger
than the surrounding lava flow field, samples obtained from such
surrounding lava flow should have registered random directions of
the characteristic remanent magnetizations (ChRMs) due to the
fracturing and the consequent scattering of the resulting blocks. On
the contrary, if the central cones were older than the surrounding
lava flow field, directions of the characteristic remanent magneti-
zations registered by samples collected from such surrounding lava
flow field should be parallel after tilt correction. The applied
methodology is described in detail in appendix 1.

The magnetic survey shows two dipolar magnetic anomalies
(Fig. 11). One of them corresponds to the basaltic pahoehoe flows
forming the border of the circular pattern associated with LB

volcano. This dipolar anomaly presents a minimum ~of —200 nT to
the north of the profile and a maximum ~ of 1900 nT to the south
(Fig. 11, black arrows). Ten oriented hand samples from this basaltic
flow were taken for natural remnant magnetization (NRM) in-
tensity measurements in the laboratory, using a SQUID 2G SSR
cryogenic magnetometer. The intensity of the NRM has an average
value of 11,378 mA/m. This intensity of the NRM would control one
of the detected dipolar magnetic anomalies, which is of reverse
character. Such magnetic signature indicates that these basalts
cooled during a period in which the polarity of the geomagnetic
field was opposite to the present one. The other dipolar magnetic
anomaly, located in the centre of the profile, is closely associated
with the scoria cone (Fig. 11). It presents a maximum ~ of 1700 nT to
the north of the profile and a minimum ~ of —100 nT to the south
(Fig. 11, red arrows), being of normal polarity. This anomaly would
suggest that the formation of the scoria cone occurred during a
period in which the polarity of the geomagnetic field was like the
present one.

The complete Bouguer anomaly presents a minimum
value ~ of —5 mGal, which correlates perfectly with the maximum
height of the scoria cone (~50 m) (Fig. 11). This negative anomaly
indicates the existence of a mass deficit below the cone. All the
rocks described in the area correspond to basaltic flows. Although
textural differences or different lithofacies (of the same composi-
tion) (i.e. spatter vs coherent lavas) could exist, the corresponding
density contrast would not be enough as to produce the detected
complete Bouguer anomaly. Therefore, the negative anomaly could
be satisfactorily explained by means of the existence of secondary
fractures below the cone generated during the volcanic eruption.

As was previously mentioned, if the central cones were younger
than the surrounding lava flow field, the ChRMs should have
registered random directions due to hydrothermal activity, high
temperatures, fracturing and the consequent scattering of the
resulting blocks, etc. On the other hand, if the central cones were
older than the surrounding lava flow field, directions of ChRMs
should be parallel after tilt correction. Isolated ChRMs have positive
and negative inclinations, and show a noticeable dispersion.
Consequently, the fold test (McFadden, 1990) is indeterminate.
However, the tilt corrected final mean direction presents a larger
confidence interval than the uncorrected one. This fact would
indicate that the central cones are younger than the surrounding
lava flow field.

Our results suggest that the volcanic processes in the area took
place in two separate events during distinct time spans. The oldest
one occurred during a period in which the polarity of the
geomagnetic field was opposite to the present one. The reversely
magnetized basaltic flows, which form the border of the studied
circular depression, were assigned to Chaptia Formation (see
Introduction and Geologic Setting). Considering these facts and the
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Fig. 9. Detailed topography surveyed in the field of Las Bombas volcano and its surrounding “circular pattern”. The location of the magnetic and gravity profile presented in Fig. 11 is
also shown (AB).
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age model proposed in this contribution, such basaltic flows could should have occurred during the normal polarity of the Bruhnes
have solidified during the reverse subchron Bermuda in the chron chron (<0.7 Ma).

Brunhes (around 0.4 Ma, Chanell et al., 2012) (e.g. Lanza and
Meloni, 2006). On the other hand, according to the geological ob-
servations (see Introduction and Geologic Setting), the youngest
volcanic event associated with the formation of the scoria cone,
responsible for the normal dipolar magnetic anomaly detected,

7. Results and discussion

Consequently, the results of the geological and geophysical
studies carried out here suggest that the scoria cone located in the
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Fig. 11. Top: Magnetic anomaly (nT) detected across Las Bombas volcano and its surrounding “circular pattern” along AB profile (black arrows: indicate minimum and maximum
values of the reverse dipolar magnetic anomaly corresponding to the border of the “circular pattern”; red arrows: indicate minimum and maximum values of the normal dipolar
magnetic anomaly associated with the scoria cone). Middle: The corresponding topography along AB profile is shown. Bottom: Complete Bouguer Anomaly (mGal) detected across
Las Bombas volcano and its surrounding “circular pattern” along AB profile. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

3 m shoulder circular depression, surrounded by the lava flows, are
younger than the surrounding lava flows. Similar circular features
have been described elsewhere such as “neck in a basin” (NIB)
landform that is proposed for volcanic structures characterized by
nearly circular to elliptical open basins, located near the headwater

of small streams or drainages, which contain small volcanic necks
and/or erosion remnants of one (or more) cinder cones (Aranda-
Gomez et al., 2010). NIB landforms are typically 400—1000 m in
diameter and 30—100 m deep and are invariably surrounded by
steep walls cut into one or more basaltic lava flows (Aranda-Gomez
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et al., 2010). NIB landforms lack evidence for a primary volcano-
genic origin through either collapse or youthful eruptive activity.
NIB landforms are erosional features where the central feeder
dyke- and neck-dominated part of an older scoria cone that was
engulfed by a younger lava flow has been preserved after differ-
ential erosion, that removed the outer less welded and more loose
portion of the older scoria cone once acted as a barrier for the
engulfing younger lava flows (Aranda-Gomez et al., 2010).

In contrast, the inverse steptoes identified at LVF such as the LB
volcano, are strikingly different from the NIB landforms. First, the
central portion of the preserved scoria cones are fairly intact, and
there is clear evidence of the presence of still standing volcanic
cones and craters. The geological and geophysical evidence also
indicates a reverse chronological order; the volcano in the
depression is younger than the surrounding flow fields and
therefore the feature cannot be a NIB.

The LB volcanic edifice, although partially eroded, is still pre-
served and its cone flank clearly sits on a circular depression around
the cone filled by sand.

The gravity survey indicated a significant negative Bouguer
anomaly beneath the scoria cones, suggesting presence of low
density material beneath the centre part of the depression that can
be interpreted as mass deficit. This can be explained if the lava flow
that currently surrounds the scoria cones has been fractured
significantly, giving place for a future younger scoria cone to emerge
in the newly formed depression. Another possible explanation could
be that the roots of the cone have been partially refilled with low-
density material. A logical explanation could be that an initial
phreatic explosive eruption cut through the older basalt lava flow
field that formed an initial depression and later on a scoria cone
erupted into that depression. Unfortunately, there is no outcropping
pyroclastic succession that would support this interpretation.
However, the formation of the depression must be associated with
the formation of the volcanic events that formed the basin infilling
scoria cones. It is very unlikely that the relationship between the
depression and the scoria cone is coincidental.

e e A e

A possible explanation for this peculiar feature is outlined in
Fig. 12.

We can presume that Hawaiian-Strombolian style explosive
eruptions occurred with the formation of pyroclastic cones and
successive pahoehoe lava flows (Fig. 12-1). During a long period of
intense erosion by eolian and minor fluvial processes a significant
removal of these cones took place (Fig. 12-2). A new batch of
magma was rising, causing the fracturing of the older solidified lava
succession (Fig. 12-3). The explosive disruption could have occurred
due to a sudden degassing of the rising magma in the near surface,
which potentially opened up new fractures and gravitationally
destabilised the older solidified lava flows (Fig. 12-4). Perhaps we
cannot rule out an initial phreatic explosive event triggered by the
explosive interaction between magma and water that was trapped
between solidified lava flow units (Fig. 12-5). When the fracturing,
decompression and sudden discharge of fractured blocks due to the
explosion ended, the magma built a new cone in the newly formed
depression on the solidified lava surface (Fig. 12-6). The deposits
produced prior to the magmatic eruptions are not preserved in the
circular zones around the cone and the old solid flows, perhaps due
to extreme arid and windy conditions (Fig. 12-7). A new period of
degradation of the cone by climatic forces took place leading to the
present day scenario, with a scoria cone of reduced size where cone
heights range between 20 and 100 m and slope angles (17—21°)
much lower than the ones of young scoria cones expected to have.
The modification of the cone geometry (height and width) over
time opened a gap between the cone and the old lava flows,
allowing it to function as a small sedimentary basin around the
cone, collecting eolian as well as sheetwash deposits from the new
cone (Fig. 12-8). From the air, these depressions look circular
(“circular patterns”) and surrounding relatively young scoria cones
as it can be seen in (Fig. 5E).

8. Conclusions

The results of the geophysical studies carried out in this work,

0,16 Ma

Present day

Fig. 12. Geological sketch (out of scale) showing the development of the “circular pattern” during time.1: Hawaiian-Strombolian style eruptions occurred with the formation of
pyroclastic cones and successive pahoehoe lava flows. 2: A long period of intense degradation eroded the cones. 3: A new batch of magma caused the fracturation of the older
solidified lava succession. 4: The explosive disruption potentially opened up new fractures and gravitationally destabilised the older solidified lava flows. 5: Perhaps an initial
phreatomagmatic explosive event triggered the eruption. 6: When the fracturing, decompression and sudden discharge of fractured blocks due to explosion ended, the new magma
could built a new cone. 7: A new volcano was born: Las Bombas volcano. 8: A new period of degradation of the cone by climatic forces took place leading to the present day scenario,
with a scoria cone of reduced size surrounded by a small sedimentary basin (“Circular pattern”) around the cone.
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support the model proposed here for the formation of the “circular
patterns” that surround the scoria cones located along lineaments
in the Llancanelo Volcanic Field, Mendoza, Argentina.

Such “circular patterns” would have been formed by fracturing
of the older basaltic lava flows associated with reverse dipolar
magnetic anomalies. These older lava flows, due to their reverse
polarity and their textural similarities to older lava flows, are
assigned to the Chaptia Formation and are inferred to be the same
age. The fracturing of these flow sheets were inferred to be caused
either by the sudden degassing of a newly intruded younger
magma beneath the thick (~40 m) sheet flows, or by a short-lived
single phreatic explosion caused by the interaction of the rising
magma and water trapped between the older lava sheets.

The scoria cone preserved in depressions in the lava flow fields
were inferred to be younger than the flow field as being normal
magnetic polarity their flows. The negative complete Bouguer
anomalies beneath the scoria cones suggest mass deficit. This
anomaly could indicate the presence of fracture zones in the old
basaltic lava flows by the rejuvenated magma intrusions or the
existence of low density volcanic rocks corresponding to the roots
of the scoria cone.

The young scoria cones were subsequently eroded, reducing
their cone heights and slope angles to the level slightly emerging
above the surrounding lava flow fields. Along the circular features,
steep cliffs developed in the pre-cone lava flows where enhanced
erosion created a distinct basin-like zone. The identified morpho-
logical features of the circular basin-like, scoria cone-filled land-
forms indicate that to establish a chronological order between
events in a lava flow and scoria cone dominated volcanic field is a
complex process. In addition, extensive lava flow fields can act as a
seal under subsequently intruding magma degassing can provide
gas accumulation may trigger sudden decompression and un-
roofing or could facilitate sudden explosive interaction between
rising magma and trapped water tables.
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Appendix 1

A number of 451 topographic points were surveyed with a
Constructor SP 571145130 Total Station (Fig. 9). The same equip-
ment and methodology has been used in another studies (see:
Prezzi et al., 2012; Acevedo et al., 2012). The obtained values were
gridded applying the minimum curvature algorithm using the
Surface Mapping System software Surfer of Golden Software Inc.
This method results in a statistically valid grid of estimated values
from unevenly distributed data (e.g. Briggs, 1974; Smith and
Wessel, 1990).

Total magnetic field was measured along an approximately N—S
profile across LB volcano and the surrounding depression (Fig. 9),
using a Geometrics 856 proton precession magnetometer with an
equidistance of 10 m between stations. Data obtained were

corrected for the diurnal variations in the Earth's magnetic field,
and the corresponding IGRF (International Geomagnetic Reference
Field) value was subtracted (e.g. Lanza and Meloni, 2006).

Relative gravity measurements were made using a ZLS Burris
Standard gravity meter along the same profile (Fig. 9), with an
equidistance of 20 m between stations and a precision of 0.01 mGal.
The survey was not tied to an absolute gravity station. The
geographic location of each measured gravity station was deter-
mined with the Constructor SP 571145130 total station. Current
standards for reduction of observed gravity to Bouguer anomaly,
established by the U.S. Geological Survey (USGS) and the North
American Gravity Database Committee, were applied through the
use of the spreadsheet for reduction of raw data to the Bouguer
anomaly developed by Holom and Oldow (2007). With the addi-
tional use of solid earth tide and terrain corrections, the complete
Bouguer anomaly was calculated. This spreadsheet (Holom and
Oldow, 2007) calculates the corrections for instrument drift, as
well as the DC shift (i.e., constant value added or subtracted to
observed gravity values) for multiple-day gravity surveys.

To make these corrections, we measured relative gravity in the
same base station several times a day during the survey. The
average instrument drift correction in each station was of approx-
imately of 0.01 mGal. To calculate height and Bouguer spherical cap
corrections, the height above the WGS84 reference ellipsoid for
each station was measured using the Constructor SP 571145130
total station with a precision of 0.05 m. Earth tide correction was
calculated with the software TSoft version 2.1.15 and entered in the
spreadsheet of Holom and Oldow (2007). Finally, terrain correction
was performed using as input the topographic grid obtained from
the detailed topography survey and also entered in the spreadsheet
of Holom and Oldow (2007). The maximum terrain correction was
of 0.542 mGal, with an average value of 0.075 mGal.

In the case of paleomagnetic studies, hand samples were
collected from the Chapta Fm. The paleomagnetic samples were
oriented using magnetic and solar compasses. A total of 10 hand
samples were obtained distributed around the Las Bombas volcano
(Fig. 10). Magnetization was measured using a 2G Enterprises
cryogenic magnetometer. Detailed alternating fields demagnetiza-
tion techniques were applied. 18 steps up to fields of 120 mT were
performed. Characteristic remanent magnetizations (ChRMs) were
isolated using principal components analysis (Kirschvink, 1980)
when linear trends of vector end points were identified. The cor-
responding final-mean direction was determined applying Fisher's
(1953) statistics.
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